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2ABSTRACT. Supramolecular self-assembly of a highly flexible and achiral meso bis(BODIPY) 
dye straightforwardly yields fluorescent microfibers exhibiting an intriguing anisotropic photonic 
behavior. This performance includes the generation of chiroptical activity by means of 
spontaneous mirror symmetry breaking (SMSB). Repetition of a number of self-assembly 
experiments demonstrates that the involved SMSB is not stochastic but quasi deterministic in the 
direction of the induced chiral asymmetry. The origin of these intriguing (chiro)photonic properties 
is revealed by fluorescent microspectroscopy studies of individual micrometric objects, combined 
with X-ray diffraction elucidation of microcrystals. Such a study demonstrates that J-like excitonic 
coupling between bis(BODIPY) units plays a fundamental role in their supramolecular 
organization, leading to axial chirality. Interestingly, the photonic behavior of the obtained fibers 
is ruled by inherent non-radiative pathways from the involved push-pull chromophores, and mainly 
by the complex excitonic interactions induced by their anisotropic supramolecular organization. 
INTRODUCTION
Nanostructured materials are nowadays essential scaffolds in several ongoing research projects, 
playing a fundamental role in the development of advanced (bio)materials for challenging 
(bio)technological applications. There is a vast assortment of nanostructured materials with 
different properties and chemical composition.1 Currently, photonic nanomaterials are being 
successfully applied in innovative and socially demanded fields such as energy and biomedicine. 
In this regard, the development of highly-efficient active materials for energy conversion in solar 
cells and batteries,2,3 as well as the design of multifunctional fluorescent nanoparticles combining 
highly-specific bio-sensing or bio-imaging capabilities (diagnosis) and controlled drug delivery or 
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3singlet-oxygen photogeneration (therapy), are in the spotlight.4-6 Among the most successful and 
recent approaches to achieve a proper organization at the nanometric scale, the self-assembly of 
organic molecules by weak noncovalent interactions is a widespread strategy to design well-
defined nanostructured materials with desirable physical and chemical properties.7-9 Such a 
supramolecular organization is extensively exploited by Nature to form complex biological 
structures, inspiring the generation of artificial systems with tailored functions.10 Over recent 
years, self-assembly has brought notorious advantages in the bottom-up approach, to design highly 
emissive multichromophoric nanostructures11-13 for optoelectronics14,15, non-linear optics,16 
chirality-based applications,17-20 or (bio)medicine21,22. The main advantage of these materials is 
their “soft” organic nature allowing wide structural diversity, as well as easy tunability of key 
properties, including biocompatibility.
This renewed interest in the supramolecular self-assembly of organic molecules is also supported 
by the intriguing photophysical processes, which can be promoted at such organization level. 
Indeed, to unravel and explain the peculiar excited-state dynamics occurring at the condensed 
phase, the commonly accepted Kasha´s exciton model (based on point-dipole approximation) has 
been reformulated and extended to understand challenging dipolar coupling (involving very-close 
neighbor molecules) existing in the mentioned phase. Thus, in fact, the widely spread concept of 
J-aggregation has been furnished with the term pseudo-J, or J-coupled dimers, to account for 
certain aggregates formed upon excitation in condensed phase.23 Furthermore, owing to workable 
short-range charge-transfer interactions in closely stacked aggregates, new aggregate types have 
been defined, such as the HH, Hj and jH ones (with low emission probability), or the JJ and Jh 
ones (with high emission probability).24 All these facts show that studying the origin of the 
intriguing photophysics exhibited by supramolecular systems is not an easy task. However, 
Page 3 of 28
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
4knowledge in this matter is required in order to advance in the control of their interesting photonic 
properties. To this aim, molecular organic dyes are privileged systems, since their workable 
chemistry25 allows the modulation of their assembly capability to give place to different 
supramolecular architectures (morphologies) exhibiting also differential photonic behaviors.
For all these reasons, it is not surprising that the popular BODIPY (boron dipyrromethene) dyes 
are being actively tested as luminophores in the solid state.26-29 These dyes outstand by their 
excellent stability and photophysical signatures,30 as well as by their purely-organic chromophoric 
core (the involved dipyrrin backbone), which is ready available to a multitude of well-known and 
workable organic transformations,31,32 directed to finely design the final properties of the dye and 
the subsequent self-assembled material.33,34 Herein we describe the ability of an achiral meso (R,S)-
bis(BODIPY) (1) to spontaneously organize at the nanoscale via noncovalent interactions leading 
to luminescent microparticles (Figure 1). Such a molecular dye features two BODIPY moieties, 
which are linked together by their dipyrrin -positions through the nitrogen atoms of a highly 
flexible diamine bridge based on achiral (R,S)-1,2-diphenylethane-1,2-diamine (1 in Figure 1). The 
preparation of 1 and its fluorescent signatures in solution have been previously reported, together 
with those of its chiral (R,R) and (S,S) stereoisomers.35 Besides, a challenging chiroptical behavior 
for these chiral stereoisomers when absorbing or emitting circularly polarized light in solution was 
reported.36 It was then demonstrated that the chiroptical behavior is owing to the formation of a 
staggered helical conformation with a preferred configuration for its chiral axis, due to asymmetric 
induction.35,36 Surprisingly, we have now found that only the meso stereoisomer is able to self-
assemble straightforwardly (by simply solvent evaporation), yielding fluorescent micrometric 
needles with anisotropic response, including chiroptical activity (optical rotation and electronic 
circular dichroism) thanks to spontaneous mirror symmetry breaking (SMSB). All these properties, 
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5as well as the demonstrated forces driving the self-assembly process, make the obtained material 
a promising photonic organic material of supramolecular nature inspiring the tailor-made 
preparation of similar materials with improved and controlled properties.
Figure 1. Chemical structure of meso bis(BODIPY) 1 and SEM image of the nanostructured 
material formed after its supramolecular assembly.
EXPERIMENTAL AND THEORETICAL METHODS
Synthesis and microstructure formation. Known meso bis(BODIPY) 1 was synthesized 
according to the described procedure and the corresponding details and characterization data 
reported elsewhere by us.35 Different to that occurring with the corresponding chiral (R,R) and 
(S,S) stereoisomers, as well as with their racemic mixture, microstructures of meso 1, as 
nanostructured micrometric needles (see Figure 1), were spontaneously obtained by dissolving 1 
in a proper organic solvent, and then increasing its concentration in the solution by simple solvent 
evaporation. Common organic solvents with good capability to dissolve 1 (e.g., chloroform, 1,2-
dichloroethane, or methylene chloride), as well as mixtures of them, exhibit similar capabilities 
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6for self-assembly generating microsized needles. In order to study morphology reproducibility, we 
selected chloroform as the solvent, due to its higher capability to dissolve 1. In this solvent, the 
formation of crystalline microstructures was proven as fully reproducible and similar 
morphologies and sizes were attained in different testing experiments, by using dye-concentration 
around 10-3 M in the starting solution to be casted. Spontaneous self-assembly was also proven at 
lower dye concentrations (below 10-4 M), yielding less ripened assemblies with fibrillar 
morphology. These morphologies were assessed with a Leica 440 scanning electron microscope 
operating at 15 keV.
Photophysical Properties. Absorption spectra were registered in a Varian spectrophotometer 
(model Cary 4E), while fluorescence steady-state spectra were recorded in an Edinburgh 
Instruments spectrofluorimeter (model FLSP 920). Emission spectra were corrected from the 
monochromators wavelength dependence, lamp profile and photomultiplier sensitivity. Absolute 
photoluminescence of microcrystals was recorded by means of an integrating sphere coupled to 
the aforementioned spectrofluorimeter.
Exciton theory calculations. The dipolar coupling of closest neighbor molecules in the molecular 
assembly were calculated applying Kasha’s exciton theory with a simple point-dipole-
approximation.37 This model describes the resonance splitting of the excited-state energy levels 
for the chromophoric units (monomers) participating in a specific exciton system. In the case of 
systems involving parallel, but slightly slipped, transition dipoles (our case of study; see later), the 
exciton band splitting  is given by Equation 1, where  is the transition-dipole moment for the |𝐌|𝟐
singlet-singlet transition in the monomer,  is the center-to-center distance between the two 𝒓𝒖𝒗
involved monomers (u and v), and θ is the angle between the polarization axis of a monomer and 
the line connecting the centers of masses of the involved monomers. The squared-matrix element 
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7of a transition dipole moment ( ) can be expressed through the oscillator strength (f) of the |𝐌|𝟐
corresponding transition and the light cyclic-frequency, Ω (Equation 2).
(Eq. 1)∆𝜀 = 2|𝑀|2𝑟3𝑢𝑣 (1 ― 3𝑐𝑜𝑠2𝜃)
                                  (Eq. 2)|𝐌|2 = 𝑒2ћ 𝑓2 𝑚𝑒 𝛺
Fluorescence Microspectroscopy Fluorescence images and spectroscopy of 1 assemblies at 
different stages of organization were recorded with an optical inverted microscope with epi 
configuration (Olympus BX51) equipped with a colour CCD (DP72). Sample excitation and 
emission was set by 470/70 band-pass and 515 nm long-pass filters (Chroma), respectively. For 
polarized emission images, a polarizer (U-AN-360-3) was inserted before the detection path (CCD 
camera) and subsequently aligned, parallel or perpendicular, to the direction of the long axis of the 
microfiber. Fluorescence spectra of fibers were recorded by fiber-coupling the aforementioned 
Olympus microscope to an Edinburgh-Instruments spectrofluorimeter (model FLSP 920). 
For the microspectroscopic characterization of individual objects, we used a time-resolved 
fluorescence confocal microscope (Picoquant Microtime 200) with a 470 nm pulsed laser diode as 
the excitation source, yielding 70 ps pulses at 20 MHz repetition rate (LDH-P-C-470), whose 
polarization was changed to circularly polarized by a lambda/4 (Thorlabs, model WPQ05M-488). 
The power of the laser beam was adjusted with a neutral density wheel to around 0.1 mW at the 
entrance port of the microscope. Such beam was directed into the oil-immersion objective 
(Olympus, 1.3 N.A., 100, oil immersion) of an inverted microscope (Olympus IX70) by using a 
dichroic beam splitter (490DCXR, Chroma). The fluorescence signal was collected by the same 
objective, filtered with a 500 nm long-pass filter (Chroma), and focused (via a 50 mm pinhole) 
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8onto an avalanche photodiode detector (Micro- Photon-Devices MPD-APD), using the method of 
time-correlated single photon counting (TCSPC), with a FWHM photon timing resolution better 
than 100 ps. 
Spectroscopy was performed by directing the emission beam after the pinhole to an exit port, where 
a spectrograph (model Shamrock 300 mm), coupled to a CCD camera (Newton EMCCD 1600 _ 
200, Andor), was mounted. FLIM results were obtained using the Symphotime fitting software, 
which performs a multiexponential fitting (one, two, or three exponentials depending on the 
sample) at each pixel. 
Chiroptics. Optical rotations were recorded in a Perkin-Elmer polarimeter (model 241) from 
needles of 1 dispersed in chloroform (ca. 10-4 M). Electronic circular dichroism (ECD spectra) 
from such dispersions were recorded in a Jasco spectropolarimeter (model J-715) using standard 
quartz cells of 1-cm optical-path length. 
X-ray diffraction. Single microcrystals suitable for X-ray data collection were obtained by 
concentrating a solution of 1 in 1,2-dichloroethane by slow solvent evaporation. 1,2-
Dichloroethane was selected as the solvent due to its high vapor pressure allowing slow 
evaporation to grow proper crystals. A single crystal was selected, cooled at 120 K using an Oxford 
Cryostream device, and collected on a Bruker APEX-II CCD diffractometer. Using Olex2,38 the 
structure was solved with the ShelXS39 structure solution program, and refined with the ShelXL40 
package using Least Squares minimization. The obtained crystal structure reveals a layered 
structure, and the presence of disordered solvent molecules filling voids generated in the interfaces 
between consecutive layers along the c axis. CCDC 1851647 contains the supplementary 
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9crystallographic data for 1. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/getstructures.
RESULTS AND DISCUSSION
The excited state dynamics of flexible meso bis(BODIPY) 1 in solution is rather complex, as it 
also occurs for its (R,R) and (S,S) stereoisomers.41 Thus, the electron-donating amino group 
and the electron-withdrawing chlorine, located at the opposite -positions of the dypirrin, endow 
push-pull behavior to the chromophore and induce an intramolecular charge transfer (ICT). 
Besides, the unconstrained 8-tolyl group promotes a non-radiative deactivation pathway related 
with its free motion.41 As a result, the fluorescence response is limited to just 10%, with decay 
curves analyzed as biexponentials with fast lifetimes (τ1 = 1.05 ns (67%) and τ2 = 0.24 ns (33%) 
in chloroform). On the other hand, among all the available stereoisomers, only the optically 
inactive one (1) is able to spontaneously render luminescent molecular assemblies, featuring 
needles with lengths of around tens to less than a hundred micrometers (Figure 1). The reason why 
1 is able to self-assemble, but its chiral stereoisomers (or their racemic mixture) are not, could be 
ascribed to key differential spatial geometries (note diastereoisomerism), inferring disparate 
physical and chemical properties. Thus, diastereoisomerism may have dramatic effects on the 
solubility properties, which can directly affect the critical concentration needed to aggregate. In 
fact, the significant permanent dipole mismatch of 1 with regard to its chiral stereoisomers in 
solution (12.5 Debye for 1 vs. 7.5 Debye for the chiral stereoisomers in chloroform; see Figure S1 
in Supporting Information), due to differential molecular geometries (pleated in 1 vs. helical in the 
enantiomers)35 can lead to key different interactions. This unexpected, intriguing and specific 
capability of achiral 1 to self-aggregate prompted us to explore this phenomenon by means of 
fluorescence microspectroscopy and X-ray diffraction.
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10
Fluorescence microspectroscopy. Figure 2 displays the fluorescence images of the two 
different microstructures obtained from two differently-concentrated solutions of 1 in chloroform, 
as described in the Experimental Section (Figure 2a, lower concentration; Figure 2c, higher 
concentration). Fine analysis of the images of such micro-objects reveals two clearly discernible 
fluorescent morphologies displaying green-yellow emission (an even red, depending on the 
agglomeration of the material; Figure S2 and S3 in Supporting Information), which is located 
preferably at the periphery of the particles for the largest ones (Figure 2c). The photoluminescence 
of these microcrystals decreases with regard to that obtained for 1 in solution (from 10% to 1% 
after the assembly), as expected in condensed phase (higher likelihood for intermolecular 
quenching, exciton trapping, inner filter effects, scattering, and so on),42,43 but it is high enough as 
to track it easily by means of fluorescence microscopy. The observation of different micrometric 
morphologies could be modulated by adjusting the concentration of 1 in the chloroform solution 
used for the casting process (Figure 2, and Figure S3 in Supporting Information). Overall, large 
micro-sized needles are obtained (Figure 1 and Figure 2c), which might result from a ripening-like 
mechanism (e.g., the well-known Ostwald mechanism that takes place in most of the processes 
involving formation of nanostructures by aggregation of molecules in solution).44 Thus, after 
multiple dissolution/re-aggregation steps, the initially formed nano-aggregates may grow further 
leading to final larger crystalline microstructures. Nonetheless, from low-concentrated enough 
solutions of 1, fibrillar architectures that grow showing a dendritic fashion at the edges of the 
fibers, are also visualized (Figure 2a, and Figure S3 in Supporting Information). These results seem 
to indicate that 1 molecules self-aggregate initially forming simple wires, which, in a second stage, 
roll upon themselves into thicker twisted, rope-like, ripened fibers (Figure 2a).
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11
Figure 2. Fluorescence images of the two different morphologies observed for 1 (twisted fibers, 
from low-concentrated solutions (a) vs. needles, from high-concentrated solutions (c), 20-µm 
scale-bar), as well as their emission spectra (b; green spectrum for the twisted fibers, red spectrum 
for the needles). The emission spectrum from non-aggregated 1 in diluted solution is also included 
for comparison (b; dotted spectrum). Additional fluorescence images showing different stages in 
the self-assembly process are shown in Figure S3 in Supporting Information. 
The fluorescence spectra recorded from the observed 1 micro-objects (Figure 2b) show in all cases 
maximum emission wavelength red-shifted with respect to that recorded from 1 in diluted solution. 
Such a bathochromic shift was expected due to the higher probability of re-emission/re-absorption 
phenomena because of the high density of chromophores existing in the solid state. On the other 
hand, the spectrum from twisted fibers (green spectrum in Figure 2b) shows a clear shoulder at 
lower energies (ca. 585 nm) with regard to the maximum emission wavelength (555 nm). This 
shoulder becomes more predominant in the needles (red spectrum in Figure 2b). Such broadening 
and red-shifting of the emission spectra of the assemblies cannot be assigned just to inner filter 
effects, but most probably pinpoint the presence of excitonic couplings between adjacent dye 
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12
molecules in the ensemble.45 In fact, the absorption spectrum in the needles (see later in Figure 4) 
also shows a clear broadening (mainly at the long-wavelength tail) with regard to that recorded in 
solution.35 These spectral signatures are characteristic of emissive J-like aggregates, which entail 
head-to-tail interactions between the transition dipole-moments of the involved dye molecules. 
However, we cannot exclude the presence of excimers as a result of  stacking in the excited 
state (in closely packed aggregates subtle changes in the geometrical arrangement can lead to 
differential excimer-formation capability),12,24 since it also provides red-shifted emission patterns, 
albeit usually with lower fluorescence-deactivation probability than that provided by J-like 
aggregation.23
To avoid artefacts, such as inner filter effects, spectroscopy of individual objects was performed 
by confocal fluorescence microscopy, affording spatial, spectral and temporal resolution. Two 
objects, representative of each one of the recorded morphologies for 1, were studied: (i) a less 
concentrated and braided-rope assembly with the enrolling simpler wires clearly detected at its 
ends (Figure 3a, in line with assemblies shown in Figure 2a); (ii) a densely packed and 
concentrated microcrystal (Figure 3c, in line with assemblies shown in Figure 2c). On the one 
hand, for the former object (i), time-resolved confocal FLIM (Fluorescence Lifetime Imaging 
Microscopy) image reveals a heterogeneous fluorescence lifetime distribution along the 
longitudinal axis of the particle (Figure 3a), from an average lifetime of ca. 0.7 ns at the edges 
(rolled wires in red-color code) to a shorter average lifetime of ca. 0.2 ns at the central part of the 
object (green to blue color- code, in Figure 3a), being the latter the main component of the whole 
emission-decay curve. The corresponding fluorescence spectra are also different for each 
monitored region of the object (see colored rectangles in Figure 3a and corresponding spectra in 
Figure 3b). Thus, at the fiber ends (see Figure 3a) the fluorescence profile is dominated by the 
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13
characteristic short-wavelength emission from individual 1 molecules (longer lifetimes), whereas 
the characteristic red-shifted emission from 1 aggregates prevails at the center of the particle (faster 
lifetimes). Therefore, the higher density of 1 molecules in the central region of the object favors 
excitonic interactions. On the other hand, the lifetime distribution of the densely packed 
microneedles (ii) is also heterogeneous along the object (Figure 3c), but with a narrower lifetime 
distribution and shorter values (ranging from ca. 0.35 ns to 0.15 ns). Besides, the contribution of 
the aggregates to the fluorescence profile is clearer, rendering a prevailing red-shifted emission 
(Figure 3b, dotted-line spectrum). Such a lifetime distribution through this object supports its 
fluorescence profile: darker in the center; brighter in the periphery (Figure 2, and Figure S4 in 
Supporting Information). Such a phenomenon is the consequence of a higher concentration of 
fluorescence quenchers (less emissive aggregates) at the center of the microparticles and likely 
energy migration towards the particle periphery.
Figure 3. Time-resolved confocal FLIM images (30 x 30 μm; λexc = 470 nm, λem > 500 nm) of 
representative 1 objects (a: twisted fibers and c: needles, with color-code representing average 
decay lifetimes). Fluorescence spectra collected from different areas of the fiber-like object (b, 
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14
note color-code connecting spectra and areas highlighted with rectangles) and from the densely-
packed needle-like object (b, dotted line), almost invariable along the needle (c). 
Molecular packing and excitonic coupling. To unravel the driving excitonic coupling guiding 
the orientation and the self-assembly of 1 molecules, elucidation of the molecular packing was 
carried out from a single microcrystal by X-ray diffraction (Figure 4). The molecular packing 
reveals that, along the a-axis (Figure 4b), neighbor molecules are disposed close (R = 7.2 Å) being 
their respective transition-dipole moments parallel (dihedral angle between chromophoric 
transition moments,  ca. 0.0°), but slightly slipped to each other (angle between the line 
connecting the center of masses of the dipyrrins and the chromophoric transition-dipole moment, 
  ca. 28.7°). According to Kasha’s exciton theory (point-dipole approximation),37 such tilted 
geometry envisages an intermolecular head-to-tail excitonic coupling (slipped angle lower than 
the magic angle, 54.7°, considered as the frontier between H and J aggregation), enabling a J-
aggregation with a Davydov splitting of -509 cm-1 (Figure 4b, and Figure S5 in Supporting 
Information). This excitonic interaction entails a red-shifted transition (14.1 nm from the 
absorption maximum), which is in agreement with the broadening detected in the red edge of the 
absorption spectra of 1 (Figure 4d). Therefore, 1 is prone to self-assemble adopting a J-type 
geometry, explaining also the photonics of the detected 1 assemblies (e.g., red-shift in the emission 
spectra, see Figures 2 and 3). Furthermore, 1 molecules also stack along the b-axis but, in this case, 
the main driving forces correspond to  interactions involving two close pendant phenyls of 
neighboring diamine-based bridges, as well as specific intermolecular interactions involving 
pendant-phenyl hydrogens and dipyrrin electronic clouds (H··· interactions with distance ca. 3 
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Å; see Figure 4c). Finally, these two-dimensional structures stack together along the c-axis by 
means of hydrophobic interactions (the BODIPY scaffold is well known for its hydrophobic 
character),30-32 leading to three-dimensional microstructures. In such a supramolecular 
organization, with high density of dichromophoric 1 molecules, further excitonic interactions like 
 stacking or excimers should not be discarded. As a result, the recorded fluorescence spectra 
of the detected micro-objects covers the contribution of individual dipyrrin chromophores and 
coupled entities involving such chromophores.
Figure 4. X-Ray resolved crystalline packing of 1 (a), detailed packing along the a- and b-axis (b 
and c, respectively) and absorption spectra of 1 (d; red in solution, black in solid state, and blue-
dotted for the corresponding subtraction spectrum, the later as a tool for detecting possible 
absorption signatures from aggregates). Distances between transition-dipole moments, and 
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corresponding θ angles, for key couplings involving the nearest units are also given (see b). Red 
double-head arrows indicate the emission dipoles disposed along the longitudinal axis of the 
dipyrrin chromophores (see b). The unit cell is triclinic (space group P-1; a = 7.16 Å, b = 9.43 Å 
and c = 19.04 Å). 
Anisotropy and chiroptics. The supramolecular organization of 1 should entail an anisotropic 
photonic behavior due to the preferential orientation of the molecules within the microfiber. This 
assumption was confirmed by the detection of on/off switching of the needle emission by passing 
such an emission through a polarizer disposed parallel (fluorescence on) or orthogonal 
(fluorescence off) to the longitudinal axis of the microcrystal (Figure 5). This result supports that 
the transition-dipole moments are preferably placed parallel to this axis. Additional analysis of the 
anisotropic response shows that the brighter and red-shifted peripheral areas of the particles are 
less polarized (Figure 5), anticipating that the degree of order is notoriously reduced in these 
regions. This fact could also point towards the presence of energy migration processes, from the 
center to the edges of the microcrystal (Figure S4 in the Supporting Information), which would be 
mediated by less energetic species acting as energy traps and depolarizing the output light.
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Figure 5. Fluorescence images (λexc = 470 nm, λem > 515 nm, by wide-field microscopy) of a set 
of 1 needles with parallel and orthogonal polarizations, respectively, in the collected emissions 
(arrows indicate the direction of the emitted polarized light; 20-μm scale-bar). 
Another remarkable anisotropic photonic behavior of the 1 needles is the existence of chiroptical 
activity (see later), taking into account that individual 1 molecules are achiral (meso). Accordingly, 
such individual molecules, which were demonstrated to adopt a bended folder conformation in 
solution, exhibit silent ECD (Figure 6).35 However, owing to the packing energy in the solid state, 
1 molecules flip to a helical (chiral) conformation, involving a staggered disposition of their 
dipyrrin units and pendant diamine-bridge phenyls (Figure 6). This helical conformation is similar 
to that exhibited by the chiral stereoisomers of 1 in solution, where the helical configuration (M or 
P) is asymmetrically induced by the own chirality (R,R or S,S center-chirality) of the 
corresponding stereoisomer.35 However, this asymmetric induction in the helical chirality is not 
possible in meso 1. Therefore, the observed optical activity for 1 needles must be originated by the 
interesting phenomenon known as spontaneous mirror symmetry breaking (SMSB),46-48 working 
during the self-aggregation of 1 molecules disposed in the said helical configuration.
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Figure 6. Representative ECD spectra of individual (black) and aggregated (red; smoothed) 1 
molecules in chloroform (dye concentration 6.9·10-6 M and 1.4·10-4 M, respectively). The 
corresponding molecular geometries (pleated in solution vs. helically chiral in the aggregates) are 
also included. Note the helically chiral molecules in the assembly are also interacting with 
neighbor molecules by complex excitonic processes, including J-type interaction (see Figure 4), 
which would explain the lack of bisignalization for the aggregate ECD signal. For additional 
examples of ECD spectra from aggregated 1 in chloroform (needles dispersion) at different 
concentrations, see Figure S6 in Supporting Information. 
The observed chiroptical activity consists in the detection of a weak, but statistically reproducible, 
visible ECD signal from 1 needles dispersed in chloroform (see representative ECD spectra in 
Figure 6, and Figure S6 in Supporting Information), as well as in the detection of optical rotation 
for such dispersions. Repetition of a large number (ca. 100) of aggregation experiments, followed 
by ECD and optical-rotation recording, all of them under identical experimental conditions, was 
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carried out. Interestingly, the results of these measurements show that the required SMSB during 
the aggregation is not stochastic for the signs of both ECD and optical rotation. Thus, ca. half 
(48%) of the studied needles dispersions in chloroform (5.94·10-5 M in terms of 1 molecules) gave 
place to silent or positive spectra (36% and 16% of the cases, respectively, in terms of molar 
ellipticity, [; e.g., see Figure 6). Remarkably, clearly negative ECD spectra (note the noise in 
these ECD spectra) were not detected in any case. In the other half of the studied cases, the output 
signal saturation (due to light dispersion by the aggregates) was observed. This result shows that 
the involved SMSB is not stochastic but quasi deterministic in the direction of the induced chiral 
asymmetry. This finding is also supported by the conducted optical-rotation study of the obtained 
needles dispersions. Thus, it was found that the specific rotation, []D20, of the dispersions varies 
rapidly over time, but most of the obtained values (ca. 90%) were negative, ranging from -6.1 to -
110.4 deg·dm-1·cm3·g-1 (c = 0.0054 g/100 ml). These results suggest the existence of a dynamic 
aggregation/disaggregation process in such dispersions. The process would involve helically-
chiral molecules with a preferred helical configuration (non-stochastic SMSB) in the aggregated 
state, and individual achiral molecules in solution (aggregated and disaggregated 1, respectively). 
It must be noted here that non-stochastic SMSB is not striking, since a characteristic of this 
phenomenon is that a very weak chiral effect (non-detected) can efficiently select one of the two 
degenerated chiral branches.49-51
CONCLUSIONS
The significant capability of an achiral (meso) bis(BODIPY) dye to aggregate generating a 
(chiro)photoactive nanostructured material is reported and studied. Such a nanostructured material 
consists of needles-like fluorescent micro-objects, formed by the supramolecular organization of 
a starting aggregating template: a synthetically accessible bis(BODIPY) unit able to predispose in 
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a helically chiral conformation to self-aggregate. The main driving force for the self-assembly of 
such a template is the formation of intramolecular J-aggregates with red-shifted emission. 
Afterwards, such aggregates wrapped each other leading to densely packed micro-architectures, 
owing to hydrophobic and intermolecular H··· interactions, the later involving pendant-phenyl 
hydrogens and dipyrrin moieties (-system). The involved supramolecular organization provides 
a well-defined organization of the dye molecules, leading to an interesting anisotropic fluorescent 
material emitting polarized light, and exhibiting chiroptical activity due to spontaneous mirror 
symmetry breaking. Further work is in progress to modulate morphology, chirality and 
photophysics in this readily-accessible nanostructured organic material, by studying the possible 
synergic influence of different variables (concentration, solvent, temperature, presence of chiral 
inducers) in the aggregation process.  
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molecular permanent dipolar moments and electrostatic potential surfaces for meso 1 and its chiral 
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